This paper develops the mathematical modeling and deflection c ontrol o f a textile-reinforced composite integrated with shape memory actuators. The model of the system is derived using identification method and unstructured uncertainty approach. Based on this model and robust stability analysis a robust proportional-integral controller is designed for controlling the deflection of the composite. The performance of the proposed controller is compared with a classical one through experimental analysis.
controller is compared with a classical one. 48 The rest of the paper is organized as follows. In Section 2 we describe the test bench. The system 49 identification is addressed in Section 3. We carry out classical controller design in Section 4. The main 50 contribution is the design of a robust controller discussed in Section 5. Finally, we will draw some 51 conclusions in Section 6. In the composite, the SMAs are placed close to the top surface so that a phase transition of the 57 SMA wires will bend the composite as shown in Fig. 2 . When thermally activated, the SMA actuators 58 contract and cause a mechanical tension inside the composite. The SMA thermal stimulus is acquired 59 by applying a voltage, which in turn causes a current flow through the wires. 60 The voltage to heat the SMAs is provided by a 30 V DC power supply and controlled by an L298N 61 driver IC [23] via pulse width modulation (PWM). To measure the deflection of the textile composite 62 we employed a Sharp GP2Y0A41SK0F distance sensor [24, 25] . The control algorithms are implemented 63 on an Arduino Uno board [25] . More details on the experimental setup are presented in [21, 22] . 
Model Identification
One of the main limitations of the SMA actuators is the difficulties in motion control due to 66 hysteresis and nonlinearities. The reason that gives rise to hysteresis is that the material's crystalline 67 structure shifts between martensite and austenite phases depending on the applied temperature and 68 stress. Martensite, is the relatively soft and easily deformed phase of shape memory alloys, which 69 exists at lower temperatures whereas the austenite phase is relatively hard and occurs at higher The system responds with a time lag to the applied voltage. In addition, there is almost no overshoot. For these reasons, we want to describe the system's essential behaviour by the first order transfer function
with gain K > 0 and time constant T > 0. The SMA wire actuator is then tested with different step inputs to obtain an interval of K and T, in which the system operates:
This interval model is later extended to a dynamic uncertainty model in order to capture the hysteresis 73 and other unmodelled dynamics.
74
For the identification, the System Identification Toolbox TM of MATLAB R is used [26] . This toolbox provides an efficient way for creating different mathematical models of systems such as continuous-time and discrete-time transfer functions, process models, and state space models. To describe the characteristics of the SMA actuator over a wide range of operationg points, open-loop tests of the actuator using step inputs are conducted. The input and output values of these experiments are used to identify the mathematical model (1) of the system. Each step response yields different values of the parameters K and T. Over all experiments we obtained the following upper and lower bounds of these parameters [21]:
Subsequently, a nominal transfer function 
Classical Controller Design
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To control the position of the textile reinforced composite, a simple proportional integral (PI) controller is used [27, 28] . Let e be the error between the desired position and the output y which is the plant measured deflection, Fig. 4 . Then, the overall control function can be expressed by
The controller's output signal u is the averaged voltage imposed into the system by PWM (see Section 2). In the frequency domain, this controller can be described by the transfer function
with the coefficients K p and K i for the proportional and integral action, respectively. The transfer function of the (nominal) closed loop system using the plant equation (4) can be expressed as follows
Controller Plant
The range of the proportional and integral gains for which the characteristic polynomial of the closed loop system is stable is given by
For practical reasons, we will use K p > 0. Based on Ziegler-Nichols tuning method [29] , the gain 79 values K p = 3 and K i = 1.1 are obtained for the controller. The controlled deflection of the system for 
• Multiplicative Uncertainty
• Feedback Uncertainty
• Multiplicative Feedback Uncertainty
In these models, G denotes the transfer function of the nominal plant, W(s) is a proper and stable weight function representing uncertainty dynamics, and ∆(s) contains the uncertainty, which can be an arbitrary stable transfer function fulfilling the inequality:
where
is the norm of the Hardy space H ∞ . The block diagrams of these uncertainty models are shown in 87 Fig. 6 .
88
Now, we want to describe the plant (1) with these uncertainty models using the identified interval uncertainty (2) . With this extension we also cover nonlinearities such as hysteresis and other unmodelled dynamics. To do so, an appropriate weighting function W for each case should be found 
Together with the model's transfer functions (1) and (4) this results in
A worst case scenario such that condition (12) is fulfilled can be obtained by replacing the unknown 89 parameters K, T by their lower or upper bound as in (2) 
Applying the same procedure to other uncertainty models, the weighting function W and the 92 uncertainty function ∆ can be described as follows:
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• Multiplicative Feedback Uncertainty 
As mentioned before, the transfer functions W and ∆ must be stable. In order to be stable, the 94 transfer functions must also be proper, i.e., the degree of the numerator polynomial should not exceed 95 the degree of the denominator polynomial. This structural condition is violated for the weighting 96 function W of the feedback uncertainty model in (18). Therefore, this model it is not taken into account 97 for robust controller design. 
Then, under assumption of additive uncertainty, the closed loop system with the plant (8) is robustly stable if and only if WC S ∞ < 1,
The inequality (22) can be adjusted into:
which means that that the envelope of Nyquist diagrams with radius W(jω) G(jω) and center L(jω) 100 cannot include the critical point −1 ∈ C due to the Small Gain Theorem.
101
The other uncertainties have different versions of such conditions. Table 1 summarizes the robust 102 stability conditions for the uncertainty models. 
The ( 
T(s) = K(sK p + K i )
By substituting the above equations in the the robust stability condition of each uncertainty model, 106 the range of the proportional and integral gains for which the stability of the system is guaranteed can 107 be obtained. To do so, the stability conditions of Table 1 are calculated and then plotted for different 108 values of K p and K i as it is shown in Figures 7 and 8 . Note that for our model the auxiliary transfer the additive/multiplicative uncertainty are K p = 2 and K i = 0.004. The Bode plot of the auxiliary 114 transfer functions, WC S and W T, is shown in Fig. 9 . Clearly, the magnitude plot stays below 1 = 0 dB 115 such that robust stability condition is fulfilled. The result of the experiment for a reference deflection 116 of 22 mm is shown in Fig 10. It can be seen that the control action is really slow which is due to small 117 value of the integral gain. Figure 10 . Controlled deflection of the system with multiplicative uncertainty for a reference of 22 mm using robust PI controller The same experiment is repeated for the feedback multiplicative uncertainty case using the gain 119 values K p = 3.2 and K i = 0.16. The Bode plot of the corresponding stability condition, W S, using these 120 gain values is shown in Fig. 11 . Experimental result in Fig. 12 shows that this controller has a better 121 performance with comparison to other uncertainty models and classical controller. It takes less time 122 to reach the reference value. Furthermore, it provides stability for the whole set of plants described 123 by (11). 
